Killing of Staphylococcus aureus and Candida albicans by neutrophils involves adherence of the microorganisms, phagocytosis, and a collaborative action of oxygen reactive species and components of the granules. While a number of intracellular signalling pathways have been proposed to regulate neutrophil responses, the extent to which each pathway contributes to the killing of S. aureus and C. albicans has not been clearly defined. We have therefore examined the effect of blocking one such pathway, the extracellular signal-regulated protein kinase (ERK) cascade, using the specific inhibitor of the mitogen-activated protein kinase/ERK kinase, PD98059, on the ability of human neutrophils to kill S. aureus and C. albicans. Our data demonstrate the presence of ERK2 and a 43-kDa form of ERK but not ERK1 in human neutrophils. Upon stimulation with formyl methionyl leucyl phenylalanine (fMLP), the activities of both ERK2 and the 43-kDa form were stimulated. Despite abrogating the activity of both ERK forms, PD98059 only slightly reduced the ability of neutrophils to kill S. aureus or C. albicans. This is consistent with our finding that PD98059 had no effect on neutrophil adherence or degranulation, although pretreatment of neutrophils with PD98059 inhibited fMLP-stimulated superoxide production by 50%, suggesting that a change in superoxide production per se is not strictly correlated with microbicidal activity. However, fMLP-stimulated chemokinesis was markedly inhibited, while random migration and fMLP-stimulated chemotaxis were partially inhibited, by PD98059. These data demonstrate, for the first time, that the ERK cascade plays only a minor role in the microbicidal activity of neutrophils and that the ERK cascade is involved primarily in regulating neutrophil migration in response to fMLP.
Neutrophils are prominent phagocytic leukocytes of the acute inflammatory response. Under the influence of chemoattractants, these cells rapidly migrate into and are activated at sites of inflammation, resulting in microbial killing. Previous studies have demonstrated that the killing of Staphylococcus aureus and Candida albicans by neutrophils involves adherence of the microorganisms via CR3 receptors, phagocytosis, and the coordinated stimulation of the respiratory burst and degranulation, which results in the release of oxygen-derived reactive species such as H 2 O 2 and granule constituents such as myeloperoxidase into the phagolysosomes (14, 18, 29) . While the intracellular signalling pathways which regulate key neutrophil responses have been partly characterized, the extent to which these pathways contribute to the killing of S. aureus and C. albicans remains to be clearly defined. Also, it is not clear how chemoattractants stimulate the migration of neutrophils into sites of infection and inflammation.
The chemotactic peptide, formyl methionyl leucyl phenylalanine (fMLP), and other neutrophil ligands, such as interleukin 8 (IL-8), complement 5a, granulocyte-macrophage colony-stimulating factor, platelet activating factor, phorbol 12-myristate 13-acetate, opsonized zymosan, and leukotriene B 4 , have all been demonstrated to stimulate the activity of the extracellular signal-regulated protein kinase (ERK) subfamily of the mitogen-activated protein kinase (MAP kinase) (11, 13, (26) (27) (28) 30) . This implies that the ERK cascade may play an important role in regulating neutrophil function. The activities of ERK1 (44 kDa) and ERK2 (42 kDa) are regulated by a cascade of upstream kinases which include the serine/threonine kinase, Raf-1, and the dual-specificity kinases, MAP kinase/ ERK kinase 1 (MEK 1) and MEK 2 (7) . Dual phosphorylation of the TEY motif on ERK by MEK results in the activation of ERK. In neutrophils, there are some uncertainties regarding the molecular forms of ERK that are expressed and which forms are activated. While the expression of 40-, 41-, 42-, and 44-kDa forms of ERK have been reported in neutrophils (10, 11, 13, 26) , some studies have reported the expression and activation of only one form of ERK (41-or 42-kDa form) in neutrophils (11, 26) . Thus, the expression and activation of ERK forms in neutrophils require further characterization.
The aims of the present study were, therefore, to further characterize the expression and activation of ERK forms in neutrophils and to investigate their roles in neutrophil-mediated killing of S. aureus or C. albicans and in fMLP-stimulated migration. Our data show that human neutrophils express ERK2 and a 43-kDa form of ERK, but not ERK1, and that the ERK cascade plays a major role in regulating neutrophil migration but only a minor role in the killing of S. aureus and C. albicans.
MATERIALS AND METHODS
Reagents. fMLP and general reagents were obtained from Sigma Chemical Company. The MEK inhibitor, PD98059, was obtained from New England Bio-labs, Inc., Beverly, Mass. The anti-ACTIVE ERK antibody was obtained from Promega and anti-MAP kinase antibodies, R1 (ERK1-NT) and R2 (ERK1-CT), were from Upstate Biotechnology Inc. Enhanced chemiluminescence solutions and reinforced nitrocellulose were from Dupont-NEN and Schleicher and Schuell, respectively. fMLP and PD98059 were dissolved in dimethyl sulfoxide (DMSO), and the final concentration of the vehicle was Յ0.2% (vol/vol). Control cells received vehicle (up to 0.2%), which did not affect neutrophil responses.
Isolation and incubation of neutrophils. Human neutrophils were isolated from the peripheral blood of healthy volunteers by the rapid single-step method of Ferrante and Thong (8) . Only preparations of Ͼ98% purity were used. These cells were Ͼ99% viable as judged by the ability of viable cells to exclude trypan blue. Cells, in Hanks buffered salts solution (HBSS), were incubated in a humidified atmosphere of CO 2 -air (5:95) in the presence of fMLP and inhibitor for the times indicated.
Preparation of cellular extracts. Incubations were terminated by removing the incubation medium and washing the cells once with HBSS (4°C). For ERK assays, pelleted cells were sonicated in buffer A (25 mM Tris-HCl [pH 7.5], 2 mM EGTA, 25 mM NaCl, 1 mM Na 3 VO 4 , 38 mM p-nitrophenylphosphate, pepstatin A [10 g/ml], aprotinin [10 g/ml], leupeptin [10 g/ml], 0.2 mM phenylmethylsulfonyl fluoride, 1 mM dithiothreitol) and centrifuged (100,000 ϫ g for 20 min), and the supernatants (termed cytosolic fractions) were collected. The fractions were batch adsorbed onto phenylsepharose CL4B to partially purify ERK (2) . After washing the beads with 10% (2ϫ) and 35% (2ϫ) ethylene glycol in buffer A (vol/vol), ERK was eluted with 60% ethylene glycol. Previous studies have demonstrated that phenylsepharose-adsorbed ERK1 and ERK2 are eluted by ethylene glycol at concentrations between 35 and 60% (2). In some experiments, the cytosolic fractions, after the addition of Laemmli buffer, were stored frozen (Ϫ20°C) until analyzed by Western blotting as described below.
Assay for ERK activity. ERK activity was assayed as described previously (15, 17) . Briefly, partially purified ERK was added to assay mixture (25 , and the mixture was incubated for 20 min at 30°C. Assays were terminated by spotting aliquots of the reaction mixture onto P81 filter paper. After washing with 75 mM orthophosphoric acid, the radioactivity associated with the paper was determined by liquid scintillation spectrometry. There was no detectable PKA activity in phenylsepharose-purified fractions since omission of the PKA peptide inhibitor from the assay mixture did not result in increased phosphorylation of myelin basic protein (reference 2 and data not shown). Since the assay mixture did not contain phospholipids or calcium, it is unlikely that PKC or Ca 2ϩ /calmodulindependent kinases were responsible for phosphorylating myelin basic protein in these samples. We have also excluded the possibility that contaminating p38, if present in the fractions, contributed to the kinase activity that was detected (16) .
Maintenance of WB cells. WB rat liver epithelial cells were maintained in modified Eagle's medium which had been supplemented with vitamins, essential and nonessential amino acids, antibiotics, and 10% fetal calf serum as described previously (17) . Cells were plated at a density of 0.25 ϫ 10 6 /10-cm-diameter dish and used 4 days after plating. To prepare cellular extracts for Western blotting, cells were sonicated in buffer A and centrifuged and, after the addition of Laemmli buffer, samples were stored at Ϫ20°C until use.
Western blotting. Denatured proteins were separated on 10% polyacrylamide gels and were transferred to nitrocellulose (100 V; 1.5 h). Immediately after transfer, blots were stained with Ponceau S (0.1% in 5% acetic acid) to confirm equal loading of all lanes of the gels. Affinity-purified polyclonal anti-ACTIVE ERK antibody was used to detect dual phosphorylated (active) ERK forms. In some cases, blots were probed with anti-MAP kinase R1 or R2. Immunocomplexes were detected by enhanced chemiluminescence (17) .
Fungicidal and bactericidal assays. These assays were carried out essentially as described previously (20) . Briefly, neutrophils (5 ϫ 10 6 ), preincubated with PD98059 or DMSO (0.1% vol/vol) for 45 min, were mixed with S. aureus (10 6 cells of strain NTCL6571; National Collection of Culture Type, London, United Kingdom) or C. albicans (10 6 cells isolated from a patient within our hospital), pooled human AB serum (10%, vol/vol) and sufficient PD98059 to maintain the concentrations of PD98059 at the desired levels. After gassing with CO 2 -air (5:95), the tubes were incubated with end-to-end mixing. At the indicated times, aliquots were taken, diluted with sterile water and plated onto blood agar (S. aureus) or Sabouraud agar (C. albicans). After incubation for 24 h (S. aureus) or 48 h (C. albicans) at 37°C, colonies were counted. Neither PD98059 nor DMSO per se affected microbial growth.
Superoxide production. Superoxide production was measured by monitoring the chemiluminescence resulting from the oxidation of lucigenin (9,9Ј,-bis-Nmethyl-acridinium nitrate). Briefly, 10 6 cells were preincubated with DMSO (0.1%, vol/vol) or PD98059 for 45 min at 37°C. Lucigenin (250 M, dissolved in HBSS, and fMLP (50 nM) or DMSO (0.1%, vol/vol) were added, and the resulting chemiluminescence (in millivolts) was recorded with a luminometer (model 1250 or 1251; Bio-Orbit Oy, Turku, Finland) with MultiUse software. Results are expressed as the maximum rate of superoxide production (in millivolts) achieved during a 1-min period.
Neutrophil migration. (i) Under-agarose technique. Cells were preincubated with PD98059 or DMSO as described above, and excess medium was removed to obtain a cell density of 4 ϫ 10 7 /ml. Neutrophil locomotion was determined as described previously (22) with minor modifications (9) . Briefly, sets of three wells (2.5-mm diameter, 3 mm apart) were made in agarose plates (60-mm-diameter culture dishes). To assess the chemotactic response, fMLP (5 l of 5 ϫ 10 Ϫ8 M), neutrophils (5 l), and DMSO (5 l of 0.1% [vol/vol] DMSO in HBSS) were added to the outer, center, and inner wells, respectively. To determine random migration, DMSO was added to both the outer and inner wells. To assess chemokinesis, cells were stimulated with fMLP for 5 min before being placed in the wells. Control cells were exposed to DMSO. After the addition of cells, the plates were incubated in a humidified atmosphere at 37°C for 90 min and the distances migrated (in millimeters) were measured under an inverted microscope. The maximum concentration of DMSO that the cells were exposed to was 0.2% (vol/vol), which had no effect on migration (data not shown).
(ii) Filter assay. To assess the effect of PD98059 on the migration of neutrophils across a filter, cells (10 6 ), preincubated with PD98059 or DMSO and resuspended in RPMI-1640 (200 l) that had been supplemented with bovine serum albumin (2%, wt/vol), were placed in filter chambers (Millicell culture plate inserts with 3-m-pore-size polycarbonate filters; Millipore). The chambers were then placed into wells (24-well plate) that contained RPMI-1640-bovine serum albumin and either fMLP or DMSO. After 10 min at 37°C, the inserts were transferred into another set of wells, and the process was repeated four times. The number of cells that migrated across the filter during each 10-min period was determined by harvesting and counting the cells that had collected on the bottom of the wells.
Statistical analysis. Where appropriate, differences were analyzed by the unpaired Student two-tailed t test or analysis of variance, followed by Dunnett's modification for multiple comparisons. Differences were considered significant when P was Ͻ0.05.
RESULTS
The molecular mass of ERK in neutrophils has been reported to range from 40 to 44 kDa (11, 13, (26) (27) (28) 30) , as opposed to a 42-kDa form (ERK2) and a 44-kDa form (ERK1) which are commonly observed in other cell types (7) . Figure 1 demonstrates that human neutrophils express 42-and 43-kDa forms of ERK as determined by the differential ability of two anti-MAP kinase antibodies, R1 and R2, to detect the 42-, 43-, and 44-kDa forms of ERK/MAP kinase (28b). When the blots were probed with R1, which detects the 42-and 44-kDa forms of ERK (28a), only one band of immunoreactive material that migrated with a relative molecular mass of 42 kDa was detected in the lysate of unstimulated neutrophils (Fig. 1a, lane  2) . However, R1 detected 42-and 44-kDa forms of ERK in the lysate of unstimulated WB rat liver epithelial cells (Fig. 1a , lane 1) that express ERK1 and ERK2 (15, 17) . When samples from unstimulated neutrophils were probed with R2, which detects the 42-, 43-, and 44-kDa forms of ERK (28a), 42-and 43-kDa forms of ERK were detected (Fig. 1b, lane 1) . Both the 42-and the 44-kDa forms of ERK were again observed in WB cells (Fig. 1b, lane 3) . Likewise, human monocytes were found to express ERK forms that migrated with relative molecular masses of 42 and 43 kDa (data not shown). The above data demonstrate that human neutrophils, unlike WB cells (15, 17) and other nonhemopoietic cell types (7), express ERK2 and a 43-kDa form of ERK.
Incubation of neutrophils with fMLP for 1 min resulted in a retardation in the mobility of both ERK2 and the 43-kDa form of ERK (Fig. 1b, lane 2) , suggesting that both forms of ERK were activated. When the blots were probed with the anti-ACTIVE ERK antibody, which detects dual phosphorylated and hence the active forms of ERK, two immunoreactive bands which migrated with apparent relative molecular masses of approximately 43 and 44 kDa were detected (Fig. 2a, lane  4) . Our studies with HeLa cells, U937 cells, and peripheral blood monocytes have demonstrated that the appearance of dual phosphorylated ERK forms was closely correlated with increases in kinase activity and with retardation in the electrophoretic mobility of ERK forms ( Fig. 1 and data not shown) . The intensity of the 44-kDa band was less than that of the 43-kDa band. This was likely to be due to a lower immunoreactivity of the phosphorylated 43-kDa ERK with the antibody rather than a differential activation of the two forms of ERK, since the densities of the bands which displayed reduced electrophoretic mobility were similar to each other (Fig. 1b, lane  2) . The anti-ACTIVE ERK antibody did not detect any immunoreactive material in control cells (Fig. 2a, lane 1) . The above data not only confirm that fMLP stimulated the dual phosphorylation (and hence activation) of ERK but also provide evidence that both ERK2 and a 43-kDa form of ERK are activated. No attempts were made to immunoprecipitate the 43-kDa form of ERK with commercially available anti-ERK1 antibody and assay for the activity of ERK1 since this antibody, available from two different sources (Transduction Laboratory and Santa Cruz Biotechnology), also reacts strongly with ERK2.
Preincubation of neutrophils with the specific antagonist of MEK activation, PD98059 (50 M), totally prevented fMLP from causing the appearance of dual phosphorylated ERK (Fig. 2a, lane 3) . PD98059, at 50 M, was found not to inhibit the activity of each of 18 purified kinases tested in vitro (1). These included PKC, Ca 2ϩ /calmodulin-dependent kinases, and kinases in related MAP kinase cascades (1). The film was deliberately overexposed to exclude any low-level remnant phosphorylation in the presence of PD98059. To confirm that PD98059 blocked the activation of ERK by fMLP, phenylsepharose-purified samples were assayed for kinase activity. Peptide-stimulated kinase activity was totally abrogated by PD98059 (Fig. 2b) . The Western blot and kinase assay data, therefore, demonstrate that PD98059 (50 M) completely blocked the activation of the ERK cascade by fMLP.
To determine whether blockade of the ERK cascade would impair the ability of neutrophils to kill S. aureus and C. albicans, neutrophils were preincubated with PD98059 for 45 min before being challenged with the bacteria or fungi. While the inhibitor per se did not affect the growth of the microorganisms (data not shown), the ability of neutrophils to kill bacteria or fungi was suppressed by PD98059 (0.01 Ͻ P Ͻ 0.05), albeit only modestly (Fig. 3) .
We next examined the effects of PD98059 on some of the responses of neutrophils which are necessary for killing S. aureus and C. albicans. Pretreatment of neutrophils with PD98059 dose-dependently inhibited fMLP-stimulated respiratory burst, and maximum inhibition (ϳ50%) was achieved with PD98059 at 25 M (Fig. 4a) . The effect of PD98059 was reversible, since the ability of the cells to produce superoxide was totally restored after washing with HBSS (Fig. 4a, inset) . PD98059 only slightly reduced the initial rate of fMLP-stimulated superoxide production (Fig. 4b) . However, the major effect of the inhibitor was on the maximum rate of superoxide production. In contrast, fMLP-stimulated degranulation, determined as described previously (5), either in the presence or absence of cytochalasin B, was not inhibited by PD98059 (data not shown). PD98059, up to 50 M, also failed to inhibit the adherence of neutrophils to plastic surfaces (assayed as described in reference 5; data not shown).
The ability of neutrophils to migrate was inhibited in a dose-dependent manner by PD98059 (Fig. 5) . Thus, random migration and chemotaxis, assessed by the under-agarose technique, were inhibited Ն50% by PD98059 (Fig. 5a) . The greatest inhibitory effect of PD98059 was on chemokinesis. Not only did PD98059 abrogate chemokinesis, but it also reduced migration to a level which was not dissimilar to that observed with control cells that had been pretreated with PD98059 (Fig. 5b) . Chemotaxis, assessed by migration across a 3-m-pore-size polycarbonate filter, was also inhibited by PD98059 (Fig. 5c) . The number of neutrophils that migrated across the filter reached a maximum during the 20-to 30-min incubation period and declined thereafter. In the absence of fMLP, the number of cells that had migrated across the filter was 15 to 20% of that observed in the presence of fMLP.
DISCUSSION
Previous studies estimated the molecular mass of ERK in neutrophils to range from 40 to 44 kDa (11, 13, (26) (27) (28) 30) , with one study claiming a 41-kDa form of ERK as ERK1 (11) FIG. 4. Inhibition of fMLP-stimulated respiratory burst by PD98059. Neutrophils (10 6 /ml) were preincubated with PD98059 or DMSO for 45 min. (a) After the addition of fMLP, superoxide production was determined as described in Materials and Methods. In some experiments (inset), preincubated cells were washed and allowed to recover before being stimulated with fMLP. instead of the 44-kDa form of ERK (7) . While one study documented the expression of 40-, 42-, and 44-kDa forms of ERK in neutrophils (10) , other studies have reported the presence and activation of only a 41-kDa form (11) or a 42-kDa form (26) of ERK in neutrophils. Mono-Q fast-performance liquid chromatography fractionation of lysates from activated neutrophils consistently revealed the presence of only one peak of kinase activity (references 3 and 26 and unpublished data) as opposed to the widely reported two peaks (ERK1 and ERK2) which are detected in other cell types (2, 7). These observations hint at the possibility that the ERK forms that are expressed in neutrophils may differ from the widely reported ERK1 (44 kDa) and ERK2 (42 kDa) (7) . By using two anti-ERK MAP kinase antibodies, R1 and R2, which have slightly different specificities, the present study provides evidence that neutrophils express ERK2 and a 43-kDa form of ERK. ERK1 was not detected. Although some studies have demonstrated the expression and activation of 42-and 44-kDa forms of ERK in neutrophils (13) , these relied on the ability of only one anti-ERK antibody to detect the ERK forms, and the electrophoretic mobility of the larger ERK form was not compared with that from a cell type that expresses ERK1. The present study is the only one, to date, which has compared the expression of ERK in human neutrophils with that in a cell type that has previously been shown to express ERK1 and ERK2 by Western blot analysis and by Mono-Q fast-performance liquid chromatography fractionation (15, 17) . Our data also demonstrate that the activities of both ERK2 and the 43-kDa form of ERK were stimulated in activated neutrophils. The lack of specificity of commercially available anti-ERK1 antibodies (23a, 28a) prevented us from using anti-ERK1 antibodies to immunoprecipitate and assay for the activity of the 43-kDa form of ERK. However, dual phosphorylation (and hence activation) of the 43-kDa form of ERK was demonstrated with the anti-ACTIVE ERK antibody. Activation of ERK2 and the 43-kDa form of ERK was further confirmed by the reduction in electrophoretic mobility of both the 42-and 43-kDa forms of ERK in fMLPstimulated cells. These data argue against ERK1 being expressed or activated in human neutrophils and being involved in the regulation of neutrophil responses.
Currently, the extent to which the ERK cascade plays a role in regulating the killing of microorganisms such as S. aureus and C. albicans by neutrophils is not known. We have utilized the specific antagonist of MEK activation, PD98059, to answer the question. This inhibitor has been reported to specifically prevent MEK activation (Fig. 6) , and hence ERK activation, by preventing the phosphorylation of MEK1 and MEK2 by Raf-1 or MEK kinase (1). In IL-8-stimulated neutrophils, PD98059 was found to only inhibit the activity of ERK, while the activity of p38, Ca 2ϩ mobilization, and the viability of neutrophils were not affected (19) . Our data on the inhibition of ERK activity and dual phosphorylation by PD98059 are in close agreement with the findings of Suchard et al. (25) that PD98059 inhibited ERK activity by 85 to 90% in human neutrophils.
Previous studies from our laboratory and those of others have demonstrated that oxidative mechanisms are involved in the killing of S. aureus and C. albicans (4, 6, 18, 20, 24) . Hence, the concerted actions of reactive oxygen species and components of the granules such as myeloperoxidase are needed (12, 31) . The observed lack of a major effect of PD98059 on microbicidal activity is consistent with a lack of effect of PD98059 on neutrophil adherence and degranulation, although the respiratory burst was inhibited by approximately 50%. This suggests that the respiratory burst would have to be inhibited by greater than 50% in order to cause a substantial reduction in bactericidal and fungicidal activity. Using neutrophils from an X91-variant chronic granulomatous disease patient, Bu-Ghanim et al. (6) previously demonstrated that an NADPH oxidase activity of 12% of normal was associated with grossly impaired bactericidal activity (6) . The present study therefore demonstrates that the ERK cascade per se plays only a minor role in modulating the ability of neutrophils to kill S. aureus and C. albicans and suggests that this signalling pathway is of no biological significance in the microbicidal activity of neutrophils.
Our data demonstrate that the ERK cascade is involved in regulating neutrophil migration. While random migration and chemotaxis were partially inhibited by PD98059, chemokinesis was totally abrogated. A direct effect of PD98059 on random migration raises the possibility that, in addition to being a signalling pathway which mediates some of the actions of fMLP, the MEK/ERK cascade also directly regulates the migratory machinery. Previous studies have suggested that the ERK cascade participates in outside-in signalling, which is initiated by the engagement of integrins by the extracellular matrix or adhesion molecules (21) . This dual site requirement for the ERK cascade is consistent with the observation that PD98059 not only abrogated chemokinesis but it reduced migration to levels which were less than those observed in control cells that had not been pretreated with PD98059. PD98059 also inhibited fMLP-stimulated migration of neutrophils across polycarbonate filters. In this assay, fMLP was found to only transiently increase the number of migrating neutrophils. This could be due to a gradual diffusion of fMLP into the chambers with time and hence caused a reduction in the chemotactic gradient across the filters. Consistent with this suggestion, slow diffusion of Giemsa stain into the chambers was observed when the chambers were placed in wells that contained this stain (unpublished data). The incomplete suppression of chemotaxis by PD98059 suggests that mechanisms other than the ERK cascade are also involved in regulating fMLP-stimulated chemotaxis. This is consistent with the observation that fMLP-stimulated chemotaxis was also partially inhibited by SB203580, a specific inhibitor of p38 MAP kinase (reference 23 and our unpublished data).
The ability of PD98059 to inhibit chemotaxis may be chemokine specific. Thus, in contrast to fMLP-stimulated chemotaxis, IL-8-stimulated chemotaxis was found not to be inhibited by PD98059 (19) . This suggests that ERK-dependent and ERKindependent mechanisms are involved in modulating chemotaxis and that different mechanisms may be utilized by different chemoattractants.
In summary, the present study suggests that the ERK cascade plays only a minor role in modulating the killing of S. aureus and C. candida by neutrophils. However, our data suggest that the ERK cascade is involved in regulating fMLP-stimulated respiratory burst activity and the migration of neutrophils in response to fMLP (Fig. 6 ). 
